We theoretically study the electronic properties of BC2N nanoribbons with zigzag edges using a tight binding model. We show that the zigzag BC2N nanoribbons have the flat bands and edge states when atoms are arranged as B-C-N-C along the zigzag lines. The length of the flat bands in the wavevector space depends on the atomic arrangement. This property can be explained by the deviation of the linear dispersion of the BC2N sheet from K point of the honeycomb lattice. The charge distributions in the edge states depend on the atomic arrangement. We also show that the charge distribution of the edge states in zigzag BC2N nanoribbons where the outermost sites are occupied with B and N atoms is different from those in conventional graphene zigzag edge. Such charge distribution causes different magnetic structures. We investigate the magnetic structure of BC2N nanoribbons with zigzag edges using the Hubbard model within a mean field approximation. At the zigzag edge where the outermost sites are occupied with B and N atoms, ferromagnetic structure appears when the site energies are larger than the on-site Coulomb interaction.
I. INTRODUCTION
Graphene is an atomically thin carbon sheet in which carbon atoms are arranged in a honeycomb lattice. Due to its outstanding electronic structure and electron transport properties, graphene attracts much interests for future electronic devices. Nanocarbon materials which are fractions of graphene exhibit different electronic properties compared with graphene. Graphene nanoribbons are finite width graphene sheets, which are the one of the famous examples of nano-carbon materials.
1,2 Recently, graphene nanoribbons have been fabricated by e-beam lithography 3 , unzipping of carbon nanotubes 4, 5 and using bottom-up processes 6 . The electronic properties of graphene nanoribbons strongly depend on the edge structures.
1,2,7-9 Graphene nanoribbons with armchair edges have the band gaps. 9 Graphene nanoribbons with zigzag edges have the socalled flat bands at the Fermi level. 1, 2, 7, 8 The states corresponding the flat bands are localized at the zigzag edges. They are the edge states 1, 2, 7, 8 In the honeycomb lattice, there are two inequivalent sites, A-and B-sublattices. For the formation of edge states, these sublattice structures play decisive roles. The distribution of electronic charge of the edge states becomes finite only one sublattice sites including the outermost sublattice.
1,2 Quite recently, the edge states in graphene nanoribbons have been confirmed by STM/STS measurement.
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On the other hand, hexagonal boron-nitride (BN) sheet also shows the honeycomb lattice structure in which B and N atoms are arranged in A-and B-sublattice sites alternately. Due to their chemical difference between B and N, BN sheet has a wide band gap.
11,12
Since B (N) atoms behave as acceptors (donors), boroncarbon-nitride-graphene sheet doped with B and Nshould show interesting controllable electronic properties by doping. Ci et al. recently have reported the synthesis of hybridized BN and graphene sheets using thermal catalytic chemical vapor deposition. 13 Such hybridized BN and graphene sheets show different electronic transport properties compared with graphene and BN sheets. 13, 14 The electronic properties of BN and graphene hybridized nanoribbons have been investigated by several authors. [15] [16] [17] [18] In such nanoribbons, ferrimagnetic ordering along the edges were predicted. [15] [16] [17] [18] Recently, Kaneko et al. reported that the appearance of flat bands and edge states in zigzag BCN nanoribbons where the outermost C atoms of graphene nanoribbons are replaced with B and N atoms alternately. 19 They reported that the distributions of charge and spin densities in the edge states are different from those in the edge states of zigzag graphene nanoribbons, i.e., the electronic charge distributes over both sublattices and the spin density can become ferromagnetic at the edges. BC 2 N sheet is organic analogous of graphene, which can be regarded as one of example of boron-carbonnitride. Graphite-like BC 2 N has been synthesized using chemical vapor depositions of boron trichloride, BCl 3 , and acetronitrile, CH 3 CN as the starting materials.
20,21
The electronic properties of BC 2 N sheets depend on the atomic arrangement. [22] [23] [24] The electronic properties of nanoribbons made with BC 2 N have been also investigated by several authors. [25] [26] [27] [28] Lu et al. reported that BC 2 N nanoribbons can have the magnetization even for armchair edge nanoribbons. 25, 26 Xu et al. showed that BC 2 N nanoribbons with zigzag edges have the linear dispersion when the atoms are arranged C-B-N-C in the transverse direction. 27 However,there are no reports on the presence of the flat bands and edge states in BC 2 N nanoribbons. The purpose of this paper is to explore the flat bands and edge states in BC 2 N nanoribbons.
In this paper, we will investigate the electronic proper-
FIG. 1. Models of BC2N nanoribbons handled in this study. In this figure, the black and white circles represent B and N atoms, respectively. C atoms are located at the empty vertices. The dotted rectangles represent the unit cells and the shaded regions represent the unit cell of BC2N sheets.
ties of BC 2 N nanoribbons with zigzag edges using a tight binding model. We will show that zigzag BC 2 N nanoribbons have the flat bands and edge states when atoms are arranged as B-C-N-C along the zigzag lines. The charge distribution of the edge states in zigzag BC 2 N nanoribbons is different from those in conventional graphene zigzag edge. Corresponding magnetic structures are investigated using the Hubbard model within a mean field approximation.
This paper is organized as follows: In Sec. II, the models of BC 2 N nanoribbons and the Hamiltonian of the system are presented. The spin independent results within the tight binding model and the spin dependent results within the Hubbard models are presented in Sec. III A and III B, respectively. The discussion and short summary of the paper are given in Sec. IV and V, respectively. In Appendix A, the results with B-B and N-N bondings are summarized.
II. MODELS AND METHODS
We shall consider six different structures of BC 2 N nanoribbons with zigzag edges as shown in Fig. 1 . In this figure, B and N atoms, respectively, are indicated by the black and white circles, and C atoms are located the empty vertexes. It should be noted that atoms are arranged as B-C-N-C along the zigzag line in these BC 2 N nanoribbons. The dotted rectangles represent the unit cells and the shaded regions represent the unit cell of BC 2 N nanoribbons and the shaded regions represent BC 2 N sheets which consist of the nanoribbons. Let N be a number of the zigzag lines. In this study, we shall restrict ourself to consider even N cases for simplicity. Because these bondings are not energetically favorable, we do not consider the BC 2 N nanoribbons with B-B or N-N bondings. The results of such nanoribbons are summarized in Appendix A and the discussion about this issue is given in Sec. II C.
The Hamiltonian of the system within the tight binding model of π-electrons is given by
where E i is an energy of π electron at the site i, c † i and c i are the creation and annihilation operators of electrons at the lattice site i, respectively, i, j stands for summation over the adjacent atoms and t i,j is the hopping integral of π electrons from jth atom to ith atom. E i are the site energies, E B , E C and E N , at the B, C and N sites, respectively. Following to the Yoshioka et al., we shall assume that the hopping integrals are constant regardless of the atoms, t i,j ≡ t, E N = −E B and E C = 0.
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In Ref. [29] , E B /t has been estimates as 0.8 ∼ 0.9. However, the hopping integral, t = 3.0 eV, used in Ref. [29] seems to be overestimated compared with that determined by the first principles calculations within the local density approximation (LDA), t = 2.6 ∼ 2.7 eV. 30 On the other hand, the Shubunikov-de Haas measurements 31 and the first-principles GW calculations 32,33 gave much larger values such as t = 3.4 ∼ 3.5 eV. Furthermore, the site energy, E B , also have ambiguity. In BN sheet, the energy gap is given by 2E B . The band gap was obtained 3.9 eV and 5.4 eV by the first-principles calculations within LDA and GW approximation. 12 Ribeiro and Peres estimated as t = 2.33 eV and E B = 1.96 eV by fitting the to the band structure of BN sheet within the tight binding model to that of the first-principles calculation within the generalized gradient approximation (GGA). 34 Zheng et al. proposed that t = 2.621 eV, E B = 1.894 eV and the overlap integral s = 0.0154 eV by fitting to the band structure of BN nanoribbon within the tight binding model to that of the first-principles calculation within LDA. 35 But, E B can vary about 2 eV depending on their environment. 19 To investigate the dependence of E B on the electronic properties, therefore, we shall consider E B /t = 0.7, 1.0 and 1.3.
In order to discuss the magnetism in BC 2 N nanorib-
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where U i is the on-site Coulomb interaction at ith site and
is the number operator of electron at it site with spin σ . In this study, we shall assume that U i is also constant, U . 19 We adopted the mean field approximation for this Hamiltonian in order to solve the problem. The spin expectation values at ith sites are defined as
The range of magnitude of U is characterized by that of graphene. 30, 36 In trans-polyacetylene which can be regarded as one-dimensional limit of graphene nanoribbons with zigzag edges, U was estimated as 3.0 eV. 37, 38 According to the first-principles calculations within the local spin density approximation (LSDA) and GGA, U/t was estimated as 0.9 and 1.3, respectively. 39, 40 The magnetic structures in BCN nanoribbons within LSDA can be well reproduced in the Hubbard model. 19 In the previous study, 0 ≤ E B /t ≤ 2 and 0 ≤ U/t ≤ 2 were used and the results within LSDA can be well interpreted. In this paper, we shall consider 0 ≤ U/t ≤ 2.
III. RESULTS AND DISCUSSION

A. Spin independent results
In Fig. 2 , the dependence of E B on band structures of BC 2 N nanoribbons for N = 10 and for the model-1 (a), the model-2 (b), the model-3 (c), the model-4 (d), the model-5 (e) and the model-6 (f) are shown. The results of E B /t = 0.7, 1.0 and 1.3 are presented in the left (i), middle (ii) and right panels (iii), respectively. The downward arrows indicate the position of k = 2π/3, i.e., the projection of the K point of two dimensional graphene to the one dimensional system. For E B /t = 0.7 cases, we have found the flat bands at E = 0 in the all BC 2 N nanoribbons. The length of the flat bands in wavevector space seems depending on the atomic arrangements. For E B /t = 1.0 cases shown in the middle panels, we have observed the flat bands at E = 0 but the length of the flat bands have been changed in some models, too. With increasing E B , the length of the flat bands increases for the model-2 and -3 nanoribbons, while the length decreases for the model-5 and -6 nanoribbons. On the other hand, for the model-1 and -4 nanoribbons, the length of the flat bands is not sensitive to the magnitude of E B . For E B /t = 1.3 cases, these changes in band structures can be clearly seen. For the model-2 and -3 nanoribbons, the length of the flat bands increases but the degeneracies of flat bands are lifted. On the other hand, for the model-5 and -6 nanoribbons, the flat bands become much shorter. These results might indicate that there are threshold of E B to have the flat bands.
In order to see the width dependence of the band structures, we shall consider the much wider BC 2 N nanoribbons. In Fig. 3 , the similar figures as Fig. 2 for N = 30 are present. We have found that there are flat bands at E = 0 for all nanoribbons independent of E B . Furthermore, we can clearly see that the length of the flat bands increases for the model-2 and -3 nanoribbons but decreases for the model-5 and -6 nanoribbons with increasing E B . The length of the flat bands in the model-1 and -4 are independent of E B . Therefore, the length of the flat bands depends on the the atomic arrangement and E B , and there is not a threshold value for the presence of the flat bands. It should be emphasized that we have confirmed that the flat bands are absent if atoms are not arranged as B-C-N-C along the zigzag lines. Therefore, we can conclude that B-C-N-C arrangement along the zigzag line is necessary to obtain the flat bands.
In order to understand the difference in the length of the flat bands in the wavevector space, we shall consider the band structure of BC 2 N sheet. In Figs Fig. 4 (a) -(i), the linear dispersion is realized at the K point. This feature is quite similar to that of graphene but the group velocity around the Fermi level is slightly smaller than that of graphene. On the other hand, for BC 2 N sheet of Fig. 4 (a) -(ii), the position of linear dispersion deviates from the K point toward the Γ point. The deviation of the linear dispersion increases with increasing E B . This result is quite similar to the result calculated by Liu et al. using the first principles calculations. 22 As discussed below, the position of the Dirac points plays decisive role to determine the length of flat bands.
Figure 4 (c) shows the Brillouin zone of the honeycomb lattice and its projection to the one dimensional Brillouin zone of zigzag nanoribbons. The projection of the K point of the honeycomb lattice, i.e., the Dirac point of graphene and BC 2 N sheet shown in Fig. 4 (a) -(i) is located at k = 2π/3. Then, the model-1 nanoribbons have the flat bands in 0 ≤ k ≤ 2π/3 which is same region as graphene nanoribbons. When the Dirac points deviate from the K point toward the Γ point as indicated by the arrows, the projection of the Dirac points shift from k = 2π/3 toward k = π as shown in the bottom of Fig. 4 (c) . So, the length of the flat bands increases. As the result, the difference in the band structures of BC 2 N sheets might lead to the difference in the length of the flat bands in wavevector space. Fig. 5 (a)-(i) , the linear dispersion is located at the same point of the graphene. As displayed in the lower part of Fig. 5 (c) , the projection of the K point of honeycomb lattice is located at k = 2π/3 in the one dimensional Brillouin zone of nanoribbons. Therefore, the length of the flat bands in the wavevector space is same as those in the graphene nanoribbons. On the other hand, the point of linear dispersion shifts toward the Γ point in BC 2 N sheet shown in Fig. 5 (a)-(ii) . In this case, the position of the linear dispersion in the one dimensional Brillouin zone also shift toward k = 0. Then, the length of the flat bands of the model-5 and -6 BC 2 N nanoribbons is shorter than those of graphene. Furthermore, the length of flat bands of other BC 2 N nanoribbons also vary in a similar manner as discussed Appendix A. To conclude, we have found that the length of the flat bands in BC 2 N nanoribbons is determined by the position of the Dirac points in the Brillouin zone.
Next, we move to the charge distribution in zigzag BC 2 N nanoribbons. In Fig. 6 , the local density of states (LDOS) at E = 0 for several structures with E B /t = 1.0 are shown by the circles. In this figure, the area of the circles is proportional to the magnitude of the LDOS at each site. In the left side of each panel, the corresponding schematic illustration is presented. As the reference, the LDOS at E = 0 graphene nanoribbon is shown in Fig. 6  (g ). In the model-1 and -4 nanoribbons shown in Figs. 6 (a) and (d), the upper and lower edge are different each other. In the following, we shall call the upper (lower) edge as B, N side (C side) edge. The electronic charge is localized at the BC 2 N nanoribbons edges, showing the presence of the edge states. As discussed below, the edge states in BC 2 N nanoribbons are different from those in conventional graphene nanoribbons.
In the model-1, the charge distributions along the B, N side and C side edges are different each other. The However, such substitution causes change in charge distribution, i.e., the sublattice structure is broken. 19 The edge states at the B, N side edge is similar to those discovered by Kaneko et al. 19 In the model-2 nanoribbon, the charge distribution of the edge states is similar to that of graphene nanoribbons but the sublattice structure is broken inside the nanoribbons. In the model-3 nanoribbon, the charge distributes over both sublattice sites, showing the similarity of those discovered by Kaneko et al.
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The charge distribution in the model-4 BC 2 N nanoribbon is quite similar to that in the model-1 BC 2 nanoribbon. The charge distributions in the model-5 and -6 BC 2 N nanoribbons are similar to those in the model-2 and -3 BC 2 N nanoribbons, respectively. However, the LDOS inside of nanoribbons in the model-5 and -6 are smaller than those in the model-2 and -3 nanoribbons. This difference is caused by the difference in the length of the flat bands in the wavevector space.
In the model-2 nanoribbons, there are other edge states even E = 0. As shown in Fig. 2 (b) and 3 (b) , we have found width independent energy bands around E/t ∼ ±1 in k/π ∼ 0.2 − 1. The wavevector dependence of the charge distribution for N = 10 E B /t = 1.0 of the edge states with E > 0 is shown in Fig. 7 . In this figure, the areas of the circles indicate the magnitude of the charge densities. We can clearly see the formation of the edge states even E = 0. At k = π, the electrons are mainly accumulated in the outermost C atoms and the next outermost B atoms, while the electronic charge is absent at the next outermost N atoms. With decreasing of k, the electronic charge at the next outermost N atoms increases, resulting in the decrease in the energy. For E < 0 states, on the other hand, the electrons are mainly accumulated in the outermost C atoms and the next outermost N atoms.
B. Spin dependent results
Next, we shall consider the magnetism in BC 2 N nanoribbons. We found that the degeneracy of flat bands are lifted due to the presence of the Coulomb interaction independent of the atomic arrangement. In the model-2 nanoribbons, the degenerate flat bands of E = 0 are also lifted. These BC 2 N nanoribbons are semiconductor with direct gap. The band gap increases with increasing U/t. The position of valence tops and conduction bottoms are located around k = 0.4π ∼ 0.7π depending on the atomic arrangement, showing good agreement with the position of projection of the Dirac point.
Corresponding spin density distributions for U/t = 0.5 (middle) and 1.5 (right side) are present in Fig. 9 with their schematic illustrations (left side). In this figure, the up (down) spin densities are denoted by the solid (open) circles whose areas are proportional to the magnitudes of the spin densities. In the model-1 nanoribbon, the ferrimagnetic order is observed at the C terminated edge while the ferromagnetic order is observed in B and N terminated edge for U/t = 0.5. For U/t = 1.5, on the other hand, the ferromagnetic orders are observed at the both edges. In the model-2 nanoribbon, the ferrimagnetic orders are observed at the both edges independent of the magnitude of U . However, the magnetic structures in the model-3 depend on the magnitude of U while the model-2 and -3 nanoribbons are consisted with same BC 2 N sheet. We observed ferromagnetic order at the both edges for U/t = 0.5 but it turns into ferrimagnetic with increasing in U . Therefore, we found that the magnetic structures in BC 2 N nanoribbons depend on both the atomic arrangements and the magnitude of U . It should be noted that the ferromagnetic orders were observed when the outermost site are occupied by B and N atoms alternately and U/t = 0.5. At these edges, LDOS shown in Fig. 6 distributed over both sublattice sites. For the ferrimagnetic orders even for U/t = 0.5, on the other hand, LDOS at the next outermost sites are absent. Therefore, the charge distributions seem to determine the magnetic structure in BC 2 N nanoribbons. These behaviors are quite resemble to the previously reported magnetic orders in BCN nanoribbons where the outermost C atoms of graphene nanoribbons are replaced by B and N atoms alternately.
To confirm this conjecture, we shall see the spin distributions in the model-4, 5 and 6 nanoribbons. The magnetic structure of the model-4 nanoribbons for U/t = 0.5 is the ferrimagnetic at C side edge but ferromagnetic at B,N side edge. For U/t = 1.5, the magnetic structures at both edges are the ferrimagnetic. The magnetic structures of the model-4 nanoribbon shown in Fig. 9 (d) are quite resemble to those of the model-1, showing good agreement of the conjecture. In the model-5 nanoribbons, we observed the ferrimagnetic structures independent of the magnitude of U . In this nanoribbons, the outermost sites are occupied by C atoms and LDOS at the next outermost sites are absent. In the model-6 nanoribbons, on the other hand, the ferromagnetic orders are observed for U/t = 0.5 but they turn into ferrimagnetic with increasing U . The outermost sites of the model-6 nanoribbons are occupied with B and N atoms and the electronic charges distribute over both sublattice sites. We found that the magnetic structures in the model-5 and -6 nanoribbons satisfy the conjecture.
We shall consider E B and U dependence of magnetic structures in order to to clarify when change in magnetic structure takes place. The dependence of U of the spin densities are summarized in Fig. 10 . In this figure, spin expectation values at the outermost sites and the next outermost sites are presented in the top and bottom panels, respectively. The results of E B /t = 0.7, 1.0 and 1.3 are represented by the solid, dotted and dashed lines, respectively. It should be emphasized that obtained spin expectation values in B and N atom are same as we have seen in Fig. 9 . Therefore, we plotted the spin expectation values in C atoms and B atoms.
At the B, N side of model-1 nanoribbons, we obtained positive s z independent of E B at the outermost and next outermost sites for sufficiently small U . With increasing U , s z at the outermost site monotonically increases while that at the next outermost site monotonically decrease, showing that the magnetic structures change from the ferromagnetic into ferrimagnetic order depending on E B . At the C-side of model-1, on the other hand, s z of the outermost and next outermost sites are negative and zero, respectively, for sufficiently small U . With increasing in U , s z of the outermost monotonically decreases but that of next outermost sites increase, i.e., the ferrimagnetic order is observed. Since B and N atoms are arranged in the sublattice sites which do not belong to the outermost sites, the E B dependence of s z is small at the C-side compared with those at the B, N-side. In the model-4 nanoribbons, calculated s z at both edges show quite similar dependence on U to those in the model-1 nanoribbons since the electronic properties of these nanoribbons around E = 0 resemble between them.
In the model-2 nanoribbons, s z are almost independent of E B except U/t < 0.2 regime. As we discussed before, the degeneracy of flat bands are lifted with inceasing of E B , resulting in decreasing of strength of the electron correlation effect. Therefore, s z becomes smaller with increasing E B . Similar effect can be found in the model-3 nanoribbons. Especially, s z vanishes for U/t < 0.1 in the model-3 nanoribbons with E B /t = 1.3. With increasing U , s z at the next outermost site once increases but turns to decrease to negative value at certain value of U . Then, the ferrimagnetic order is constructed. In the model-5 and -6 nanoribbons, obtained s z shows similar dependence on U to those in the model-2 and -3 nanoribbons, respectively, but the magnitudes of s z becomes smaller since the length of flat bands are shorter than those in the model-5 and -6 nanoribbons. As we mentioned before, the degeneracies are recovered with increase of the ribbon width, suggesting that the strength of electron correlation effect should increases. It should be emphasized that we confirmed that such strong E B dependence for small U will decrease with increasing the ribbon width. nanoribbons, the atomic arrangement of the outermost sites and the ratio of the site every to the on-site Coulomb interaction also play decisive role as discussed above.
Dependence of atomic arrangement on the energetics of BC 2 N sheet has been investigated by Liu et al. and Azevedo using the first-principles calculations. 22, 24 According to their study, BC 2 N sheets stabilize with increasing B-N and C-C bondings, suggesting that BN islands and graphene islands hybridized structure is most stable. Such tendency was confirmed in the arbitrary stoiciometric BCN, i.e., B x C y N z sheets, by the several authors. [41] [42] [43] Therefore, the BC 2 N nanoribbons treated in this paper are not stable.
While the atomic structures of synthesized BC 2 N was not identified, Watanabe et al. reported the bonding characteristic of BC 2 N tho films by means of x-ray photoelectron spectroscopy measurement of chemical shift of 1s electrons. 44 According to their study, BC 2 N thin films have significant B-C and C-N bondings, i.e., all B, C and N atoms bond with one another and mixed atomically. 44 Therefore, the synthesized BC 2 N might have the atomic arrangement considered in this paper. The synthesized graphitic BC 2 N showed p-doped semiconducting character with band gap about 2 eV by STM and photoluminescence measurement. 45 However, BC 2 N sheets considered in this paper are metallic as shown in Figs. 4 (b) and 5 (b) . The tight binding model cannot describe the charge transfer as discussed in Ref. [29] due to its simplicity. The effect of charge transfer might become important in BCN nanoribbons. 46 Therefore, the discussion on the energetics and electronic structures of BC 2 N nanoribbons is desired.
We also performed the first principles calculations based on the density functional theories within the projector augmented wave (PAW) method 47 and LDA 48 implemented in VASP code. 49, 50 The BC 2 N nanoribbons shown in Fig. 1 have the flat bands BC 2 N nanoribbons when the outermost atoms are terminated by single H atoms. According to the results within the first-principles calculations, the on-site energy, E B , seems to be larger than the hopping integral, t. However, these issues are beyond the scope of the present paper and will be reported in future publications.
V. SUMMARY
We theoretically studied the electronic and magnetic properties of BC 2 N nanoribbons with zigzag edges using the tight binding model and the Hubbard model. We showed that zigzag BC 2 N nanoribbons have the flat bands and edge states when the atoms are arranged as B-C-N-C along the zigzag lines. The length of the flat bands depends on the atomic arrangement, which can be explained by the shift of the Dirac point in BC 2 N sheet from the K point of the honeycomb lattice. The charge distribution also depends on the atomic arrangement. When the outermost sites are occupied by C atoms, the charge distributions of the edge states in zigzag BC 2 N nanoribbons are resemble to that of conventional edge states. When the outermost sites are occupied by B and N atoms, on the other hand, the charge of the edge states distribute over both sublattice sites, which are different from those in conventional graphene zigzag edge. We also showed that such charge distribution causes different magnetic structures. When the outermost sites are occupied by C atoms, we observed the ferrimagnetic order at the edges independent of the magnitude of the onsite Coulomb interaction, which are resemble to that of conventional edge states at the zigzag graphene nanoribbons. At the zigzag edge where the outermost sites are occupied with B and N atoms, on the other hand, the ferromagnetic structure appears when the site energies are larger than the on-site Coulomb interaction and the magnetic structures turn into the ferrimagnetic with increasing the on-site Coulomb interaction. Figs. 12 and 13 , respectively. We found that the length of the flat bands in the model-7 and -8 nanoribbons are shorter than that of zigzag graphene nanoribbons, while the flat bands in the model-9 and 10 nanoribbons are longer than that of zigzag graphene nanoribbons. It should be noted that the flat bands of the model-9 and 10 nanoribbons for E B /t ≥ 1.0 cover the whole Brillouin zone. Calculated LDOS at E = 0 are given in right sides of Figs. 11 (a-d) with the magnitude of LDOS are represented by the area of the circles. The flat bands correspond to the edge states. We found that the electric charge distributes with similar manner to those shown in Fig. 6 .
As we discussed above, we shall consider the band structures of BC 2 N sheets. Figure 14 (a) show calculated band structures of BC 2 N sheets which consist the model-7 and 8 BC 2 N nanoribbons. Corresponding Brillouin zone is shown in Fig. 4 (c) . With increasing E B , the Dirac point deviates from K point toward the M point. Therefore, the Dirac point in the one dimensional Brillouin zone shifts toward the Γ point, resulting in shorter flat bands. Figure 14 (b) show calculated band structures of BC 2 N sheets which consist of model-9 and 10 BC 2 N nanoribbons. Corresponding Brillouin zone is shown in 5 (c). In this figure, the vertical dotted line represents the position of the K point of the honeycomb lattice. In this case, the Dirac point is deviated from the K point of honeycomb lattice toward X point for E B /t = 0.7. Therefore, the length of flat band becomes longer than that of zigzag graphene nanoribbons. For E B /t = 1.0, the dispersion becomes massive at the X point. Then, the flat bands cover the whole Brillouin zone. With increasing E B , we observed the Dirac cone but the Dirac point are located on the X-K line. In the one dimensional Brillouin zone, there are states with E = 0 at k = π and the flat bands remain covering the whole Brillouin zone. Therefore, the length of flat bands depend on the atomic arrangement as discussed before and the change in the length of flat bands can be understood as the shift of the Dirac point in BC 2 N sheet from the K point of honeycomb lattice.
